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FEED-FORWARD CARRIER PHASE 
RECOVERY FOR OPTICAL 

COMMUNICATIONS 

BACKGROUND 

The present disclosure relates generally to optical commu 
nications, and more particularly to feed-forward carrier phase 
recovery. 
The popularity of multimedia communications services 

over packet data networks, such as the Internet, continues to 
grow; consequently, the demand for higher capacity in core 
data transport networks continues to grow. For service pro 
viders, core data transport networks are optical networks 
based on fiberoptic technology. To increase the capacity of 
optical networks, advanced signal modulation techniques, 
Such as quadrature amplitude modulation (QAM) and 
quadrature phase shift key (QPSK) have been developed. In 
particular, M-ary QAM (M-QAM) (such as square 16-QAM 
and 64-QAM) have the potential to realize optical transmis 
sion at very high speeds with high spectral efficiency. 

Digital coherent detection has proven to be an effective 
technique for detecting and demodulating the received optical 
signals. A key step in digital coherent detection is carrier 
phase recovery. Carrier phase is degraded by laser phase noise 
in the received optical signal. Laser phase noise is dependent 
on the linewidth of the optical carrier. For high-order 
M-QAM modulation formats (MD4), the tolerance for laser 
phase noise becomes Smaller as the modulation level 
increases, because the Euclidean distance becomes Smaller. 
Consequently, carrier phase recovery methods with improved 
laser linewidth tolerance are critical for successful implemen 
tation of high-order M-QAM modulation formats. 

Various carrier phase recovery methods have been devel 
oped. One method is based on a decision-directed phase 
locked loop. This method has relatively poor laser linewidth 
tolerance because the phase estimate is based on a previous 
set of data symbols, not the most current data symbols. In 
practice, carrier phase recovery methods are implemented in 
hardware using parallel and pipeline architectures to attain 
real-time high-speed systems. The tolerance for laser lin 
ewidth can then become worse due to extended feedback 
delay. 
A second carrier phase recovery method is based on the 

classic feed-forward M-th power algorithm using dedicated 
symbols. Because only a small portion of the symbols can be 
used for phase estimate for high-order M-QAM, however, 
this method also has inherently poor laser linewidth toler 
aCC. 

A third carrier phase recovery method is based on a blind 
phase search algorithm. Since this method employs a feed 
forward configuration and also involves all the current sym 
bols for phase estimate, it can achieve much better laser 
linewidth tolerance than the previous two methods. This 
method, however, is complex because the required number of 
test phase angles increases with the modulation level. For 
high-order M-QAM, the required number is very high; for 
example, >32 is required for square 64-QAM. Since testing a 
single phase angle by itself requires a series of computation 
ally intensive steps (rotate a set of data symbols, make a 
decision, and calculate the mean squared error), the compu 
tational power required for real-time testing of a large number 
of phase angles is very high. 

BRIEF SUMMARY 

The carrier phase of a carrier wave modulated with infor 
mation symbols is recovered with a multi-stage carrier phase 
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2 
recovery method. A series of digital signals corresponding to 
the information signals is received. For each digital signal, an 
initial coarse phase recovery is performed to determine a first 
phase angle which provides a first best estimate of the infor 
mation symbol corresponding to the digital signal. Embodi 
ments of the initial coarse phase recovery include a coarse 
blind phase searchanda decision-directed phase-locked loop. 
A second stage of estimation is then performed to determine 
a second phase angle which provides a second best estimate 
of the information symbol. The second best estimate is based 
at least in part on the first best estimate. Embodiments of the 
second stage of estimation can be a maximum likelihood 
estimate, an average phase rotation estimate, and a restricted 
blind phase search estimate. 

These and other advantages of the disclosure will be appar 
ent to those of ordinary skill in the art by reference to the 
following detailed description and the accompanying draw 
1ngS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a schematic of a generic optical communi 
cations system; 

FIG. 2 shows a schematic of an optical transmitter; 
FIG.3 shows a schematic of an optical receiver; 
FIG. 4A and FIG. 4B show a schematic of a single-stage 

blind phase search method; 
FIG. 5A and FIG. 5B show schematics of multi-stage car 

rier phase recovery methods; 
FIG. 6 shows plots of bit error rate as a function of the 

logarithm of the effective number of test phases: 
FIG. 7 shows a flowchart of a multi-stage carrier phase 

recovery method; and 
FIG. 8 shows a schematic of a computational system for 

implementing a multi-stage carrier phase recovery method. 

DETAILED DESCRIPTION 

FIG. 1 shows a schematic of a generic optical telecommu 
nications system. Multiple optical transceivers (XCVRs) 
send and receive lightwave signals via optical transport net 
work 102. Shown are four representative transceivers, refer 
enced as XCVR 1 104, XCVR 2 106, XCVR 3 108, and 
XCVR 4.110, respectively. In some optical telecommunica 
tions systems, optical transport network 102 can include all 
optical components. In other optical telecommunications sys 
tems, optical transport network 102 can include a combina 
tion of optical and optoelectronic components. The transport 
medium in optical transport network 102 is typically optical 
fiber; however, other transport medium (such as air, in the 
case of free-space optics) can be deployed. 

Each transceiver has a corresponding transmit wavelength 
(7.7) and a corresponding receive wavelength (W), where 
n=1-4. In some optical telecommunications systems, the 
transmit and receive wavelengths for a specific transceiver are 
the same. In other optical telecommunications systems, the 
transmit and receive wavelengths for a specific transceiver are 
different. In some optical telecommunications systems, the 
transmit and receive wavelengths for at least two separate 
transceivers are the same. In other optical telecommunica 
tions systems, the transmit and receive wavelengths for any 
two separate transceivers are different. 

FIG. 2 shows a schematic of an example of an optical 
transmitter. Transmit (Tx) laser optical source 202 transmits a 
continuous wave (CW) optical beam 201 (with wavelengthw) 
into electro-optical modulator 204, which is driven by elec 
trical signal 203 generated by electrical signal source 206. 



US 8,477,877 B2 
3 

Electrical signal 203 consists of an electrical carrier wave 
modulated with information symbols (data symbols). The 
output of electro-optical modulator 204 is carrier optical 
beam 205, which consists of a corresponding optical carrier 
wave modulated with information symbols. In general, the 
amplitude, frequency, and phase of the optical carrier wave 
can be modulated with information symbols. Carrier optical 
beam 205 is transmitted to optical transport network 102 (see 
FIG. 1). 

FIG. 3 shows a schematic of an example of an optical 
receiver. Carrier optical beam 301, with wavelength w, is 
received from optical transport network 102 (see FIG. 1). 
Carrier optical beam 301 has an optical carrier wave modu 
lated with information symbols. In general, the optical 
receiver determines the amplitude, frequency, and phase of 
the modulated optical carrier wave to recover and decode the 
information symbols. Carrier optical beam 301 is transmitted 
into optical coherent mixer 302. Local oscillator laser optical 
source 304 generates a reference optical beam 303, with 
wavelength, modulated with an optical reference wave with 
tunable reference amplitudes, reference frequencies, and ref 
erence phases. Reference optical beam 303 is transmitted into 
optical coherent mixer 302. 

Optical coherent mixer 302 splits carrier optical beam 301 
into carrier optical beam 301A and carrier optical beam 301 B. 
Optical coherent mixer 302 splits reference optical beam 303 
into reference optical beam 303A and reference optical beam 
303B, which is phase-shifted by 90 degrees from reference 
optical beam 303A. The four optical beams are transmitted 
into optoelectronic converter 306, which contains a pair of 
photodetectors (not shown). One photodetector receives car 
rier optical beam 301A and reference optical beam 303A to 
generate analog in-phase electrical signal 307A. The other 
photodetector receives carrier optical beam 301B and refer 
ence optical beam 303B to generate analog quadrature-phase 
electrical signal 307B. Analog in-phase electrical signal 
307A and analog quadrature-phase electrical signal 307B are 
transmitted into analog/digital converter (ADC) 308. The 
output of ADC 308, represented schematically as a single 
digital stream, digital signal 309, is transmitted into digital 
signal processor 310. Digital signal processor 310 performs 
multiple operations, including timing synchronization, 
equalization, carrier frequency recovery, carrier phase recov 
ery, and decoding. 
An optical signal degrades as it propagates from the optical 

transmitter to the optical receiver. In particular, laser phase 
noise introduces some uncertainty in the carrier phase of the 
received signal relative to the carrier phase of the transmitted 
signal assuming no laser phase noise. Carrier phase recovery 
refers to recovery of the correct carrier phase (carrier phase as 
originally transmitted assuming no laser phase noise) from 
the received signal. In practice, a best estimate of the carrier 
phase is determined from the received signal Such that a 
decoded information symbol at the receiver is a best estimate 
of the corresponding encoded information symbol at the 
transmitter. Carrier phase recovery determines the phase 
angle by which an initial decoded information signal is 
rotated to yield the best estimate of the corresponding 
encoded information signal. 

FIG. 4A and FIG. 4B show schematic block diagrams for a 
prior-artfeed-forward carrier phase recovery algorithm based 
on a blind phase search method (T. Pfau et al., “Hardware 
Efficient Coherent Digital Receiver Concept With Feedfor 
ward Carrier Recovery for M-QAM Constellations. J. Light 
wave Technology, Vol.27, No. 8, Apr. 15, 2009, pp.989-999). 
The blocks refer to functional entities. FIG. 4A shows one test 
phase block 402-in, for a test carrier phase angle (p, where 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

in - 1 it 1, 2 
d = is me{1, , ... M. 

(E1) 

The digitized signal (one sample per symbol) entering into 
the test phase block 402-m is denoted as X 401. To recover 
carrier phase in a pure feed-forward approach, the received 
signal X is inputted into multiplier operator 422 and multi 
plied by e" 423 to rotate X, by test carrier phase angle (p. 
The output of multiplier operator 422 is output 425, which is 
the rotated symbol Xe". The quantity Xe" is inputted into 
decision block 424, which makes the best estimate of the 
originally transmitted signal based on the received signal. The 
output of decision block 424 is output 403-m, which is the 
decoded symbol Year The quantities Xe'" and Yem a 
inputted into add/subtract operator 426. The output of add/ 
subtract operator 426 is output 427, d, where d=Xe"- 
Year The quantity d is then inputted into squared-distance 
operator 428. The output of squared-distance operator 428 is 
output 429, ld, which is the squared distance to the clos 
est constellation point calculated in the complex plane: 

ld I? = X, elm - {X, elm of (E2) 

|X, ein F.I. 

where the subscript D refers to the output of decision block 
424. 
To remove distortions from additive noise, the squared 

distances of 2N consecutive test symbols rotated by the same 
carrier phase angle (p, are summed up: the quantity |d,” is 
inputted into summation operator 430. The output of summa 
tion operator 430 is output 405-m, e, where 

W (E3) 
2 en = X denini. 

The optimal value of the filter width 2N depends on the 
product of the laser linewidth times the symbol rate. 

Refer to FIG. 4B for a schematic block diagram of the 
overall single-stage blind phase search process 400. The 
operations shown in FIG. 4A are processed in parallel for all 

in - 1 
d = - 

me{1,2,... M., as represented by test phase block 402-1 to 
test phase block 402-M. The corresponding decoded output 
symbols, Y, 403-1 to Y 403-M, are inputted into Mx1 
switch 404. The sums of the squared distances, e 405-1 to 
e 405-Mare inputted into minimization search block 406. 
The optimum phase angle is determined by searching for the 
minimum sum of the squared distances. The corresponding 
decoded output symbol Y 407 can be selected from the set of 
values Yem by switch 404, controlled by the index of the 
minimum sum of squared distances; that is Y. Y., for 
which e, , is the minimum value of e 
The computational complexity of the blind phase search 

method described above depends on the required number of 
test phase angles; this number can be high for high-order 
M-QAM due to the high requirement on the phase resolution. 
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Since testing each phase angle requires the series of digital 
operations shown in FIG. 4A, the overall number digital 
operations shown in FIG. 4B is extremely computationally 
intensive for high-order M-QAM. 

FIG. 5A shows a schematic block diagram for a two-stage 
carrier phase recovery algorithm according to an embodi 
ment. The received signal X 401 is first inputted into coarse 
blind phase search block 502. The operations in this block are 
similar to those discussed above with respect to FIG. 4A and 
FIG. 4B. In this instance, however, only a subset (less than M) 
of the possible carrier phases are tested. In an embodiment, B 
carrier phases, where B<M/2, are tested. The output of coarse 
blind phase search block 502 is a rough estimate of the opti 
mal phase angle. The output of coarse blind phase search 
block 502 is output 501, which is the decoded symbol Yi). 
The quantity Y." and the original signal X are then inputted 
into maximum likelihood phase recovery and decoding block 
(MLPRD) 504. The output of MLPRD block 504 is output 
507, denoted Y.2), which is a refined estimate. 
The operations within MLPRD block 504 proceeds as fol 
lows. The quantity Y." and the original signal X inputted 
into maximum likelihood (ML) calculation block 506, in 
which the following calculations are performed J. G. 
Proakis, Digital Communications, 4" edition, Chapter 6, pg. 
348, McGraw-Hill (2000): 

X X," 
(E4) 

H = 

d = tan' (Im H. fReH). 

Here (p,' is the refined phase estimate. 
The output of maximum likelihood calculation block 506 

is output 503, which is the phase rotation factore'. The 
phase rotation factor and the signal X are inputted into mul 
tiplier 508. The output of multiplier 508 is output 505, which 
is the rotated symbol Xe'". The rotated symbolis inputted 
into decision block 510, which makes the best estimate of the 
originally transmitted signal based on the received signal. The 
output of decision block 510 is output 507, which is the 
refined estimate Y.). 
The estimate Y, can be further refined by a second stage 

of maximum likelihood phase recovery and decoding. FIG. 
5B shows an S-stage algorithm with an initial coarse blind 
phase search 502 stage followed by S-1 MLPRD stages. 
Shown in FIG. 5B are MLPRD-1 504 second stage, 
MPLRD-2 524 third stage, and MLPRD-(S-1) 554 S-th 
stage. The output of MPLRD-2524 is output 509, which is 
Y.. The last stage receives output 551 (Y.'”) from the 
previous stage and outputs output 553, which is the final value 
(Y). 

Since only a rough location of the optimal carrier phase 
needs to be estimated in coarse blind phase search stage 502, 
the required number of test phase angles can be reduced 
Substantially from the required number of test phase angles 
used in the single-stage blind phase search method 400 (FIG. 
4A and FIG. 4B). In practice, the required number of digital 
operations for a ML-phase estimate (E4) is equivalent to 
testing only one phase angle using the blind phase search 
method. As a consequence, the required computational 
efforts for the multi-stage carrier recovery algorithm can be 
Substantially lower than that required by the single-stage 
blind phase search method. 

FIG. 6 shows the results of numerical simulation for square 
64-QAM. The horizontal axis 602 represents the log of the 
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6 
required effective number of test phase angles. The vertical 
axis 604 represents the bit error rate (BER). Plot 604 shows 
the results for the prior-art single-stage blind phase search 
method; plot 606 shows the results for a two-stage method 
(initial coarse blind phase search stage followed by one 
MPLRD stage) according to an embodiment; and plot 608 
shows the results for a three-stage method (initial coarse blind 
phase search stage followed by two MPLRD stages) accord 
ing to an embodiment. For these simulations, the following 
assumptions were used: (1) The baud rate is equal to 38 
symbols/s, corresponding to 224 Gbits/s; (2) The received 
optical signal-to-noise ratio (OSNR) at 0.1 nm noise band 
width is equal to 28 dB; (3) The 3-dB receiver electrical 
bandwidth is equal to 0.55xbaud rate; (4) The laser linewidth 
for both the signal Source and the local oscillator is equal to 
100 kHz; (5) The signal entering into the carrier phase recov 
ery block is sampled at one sample per symbol and the used 
block/filter width for phase recovery is assumed to be 28, 
which is close to the optimal value; and (6) A cascaded 
multi-modulus algorithm based adaptive equalizer has been 
employed prior to the carrier phase recovery block to equalize 
the receiver filtering effects. 
As seen in the plots in FIG. 6, to achieve the optimal 

performance, the single-stage blind phase search method 
needs to test about 64 different phase angles, while the three 
stage algorithm only needs to equivalently test 18 different 
phase angles, resulting in a reduction of computational efforts 
by a factor more than 3 (the two-stage algorithm requires 20 
equivalent test phase angles). Because the multi-stage 
method employs a feed-forward configuration and involves 
all the current symbols for the phase estimate, it can achieve 
the same linewidth tolerance as the single-stage blind phase 
search method, but with significantly reduced computational 
power. 

FIG. 7 shows a flowchart of a multi-stage carrier phase 
recovery method, according to an embodiment. In step 702, a 
digital signal X is received. The process then passes to step 
704, in which an initial coarse blind phase search stage is 
performed to generate Y," the first estimate of the decoded 
symbol. The process then passes to step 706, in which a first 
maximum likelihood phase recovery and decoding stage is 
performed to generate Y.2) the second (refined) estimate of 
the decoded symbol. The process then passes to step 708, in 
which a second maximum likelihood phase recovery and 
decoding stage is performed to generate Y, the third (fur 
ther refined) estimate of the decoded symbol. 
The multi-stage carrier phase recovery method described 

above was illustrated with two-stages and three-stages for a 
M-QAM signal. In general, the multi-stage carrier phase 
recovery method can include N-stages, where N is an integer 
greater than or equal to two. In general, the multi-stage carrier 
phase recovery method can be used with any modulation 
technique. 
The multi-stage carrier phase recovery method described 

above used a coarse blind phase search as the initial coarse 
phase recovery stage. In general, other phase estimate meth 
ods can be used for the first stage. As one example, the carrier 
phase can be initially estimated by the traditional decision 
directed phase-locked loop, which is widely used for carrier 
recovery in RF communications (A. Tarighat, “Digital Adap 
tive Phase Noise Reduction in Coherent Optical Links'. J. 
Ligtwave Technology, Vol. 24, No. 3, March 2006, pp. 1269 
1276 and I. Fatadin, “Compensation of Frequency Offset for 
Differentially Encoded 16- and 64-QAM in the Presence of 
Laser Phase Noise', IEEE Photonics Technology Letters, 
Vol. 22, No.3, Feb. 1, 2010, pp. 176-178). The decided signal 
following this first-stage carrier phase recovery can then be 
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used as the reference signal for the second-stage carrier phase 
recovery. As discussed above, however, a stand-alone deci 
Sion-directed phase-locked loop has poor laser phase noise 
tolerance. In embodiments of the multi-stage carrier phase 
recovery method, a decision-directed phase-locked loop is 
used only in the first stage for coarse phase recovery, and 
carrier phase estimate accuracy can be improved by the fol 
lowing carrier phase recovery stages. 

In general, the first stage is referred to herein as coarse 
phase recovery. Coarse phase recovery refers to any phase 
recovery scheme that can recover the carrier phase to some 
extent such that the resulting decision erroris Smaller than the 
case without applying Such phase recovery scheme (but not 
close to the optimum). For example, assume that the mea 
Sured decision error rate without using any phase recovery 
scheme is A, and the measured decision error rate by intro 
ducing one specific phase recovery scheme is B. As long as 
B<A, then the introduced phase recovery scheme is a coarse 
phase recovery scheme. Therefore, embodiments of coarse 
phase recovery include a coarse blind phase search method, a 
decision-directed phase-locked loop, and other phase recov 
ery schemes. In general, B is not close to the optimum value 
(as determined by user-specified criteria), since the coarse 
phase recovery scheme emphasizes reduced computational 
complexity and increased computational speed rather than 
high accuracy. 

The multi-stage carrier phase recovery method described 
above used a maximum likelihood phase estimate in the sec 
ond and higher stages. In general, other phase estimate meth 
ods can be used for the second and higher stages. As one 
example, the carrier phase can be estimated by directly cal 
culating the average phase rotation of the original received 
signal (undecoded signal prior to carrier phase recovery) rela 
tive to the decoded signal obtained from the previous stage; 
this method is referred to herein as an average phase rotation 
estimate. As another example, the blind phase search method 
with a refined (reduced or restricted) phase scan range can be 
used in the second and higher stages; this method is referred 
to herein as a restricted blind phase search estimate. Note that 
different methods be used for different stages; for example, a 
maximum likelihood estimate can be used for the second 
stage, and a restricted blind phase search estimate can be used 
for the third stage. 

Since the multi-stage carrier phase recovery method is 
performed after optical to electronic conversion (see FIG. 1), 
it is also applicable to other carriers. For example, a radio 
frequency (RF) carrier can be mixed in a RF coherent mixer 
with a reference RF signal generated by a local RF oscillator. 
The output of the RF coherent mixer can then be converted to 
different electrical signals and digitized. 

FIG. 8 shows an example of a computational system 802 
for performing a multi-stage carrier phase recovery process. 
One skilled in the art can construct the computational system 
802 from various combinations of hardware and software 
(including firmware). One skilled in the art can construct the 
computational system 802 from various combinations of 
electronic components, such as general purpose microproces 
sors, digital signal processors (DSPs), application-specific 
integrated circuits (ASICs), field-programmable gate arrays 
(FPGAs), random access memory, and non-volatile read-only 
memory. 

Computational system 802 comprises computer 804, 
which includes a digital signal processor (DSP) 806, memory 
808, and data storage device 810. Data storage device 810 
comprises at least one non-transitory, persistent, tangible 
computer readable medium, Such as non-volatile semicon 
ductor memory (data storage device 810 can also comprise 
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other non-transitory, persistent, tangible computer readable 
medium with sufficiently high data transfer rates). 

Computational system 802 further comprises input/output 
interface 820, which interfaces computer 804 with input/ 
output device 840. Data, including computer executable code 
can be transferred to and from computer 804 via input/output 
interface 820. Computational system 802 further comprises 
digital signal interface A822, which interfaces computer 804 
with digital signal source 842. An example of digital signal 
source 842 is a DSP that transmits digital signal X. Compu 
tational system 802 further comprises digital signal interface 
B 824, which interfaces computer 804 with digital signal 
receiver 844. An example of digital signal receiver 844 is a 
DSP that receives decoded symbol Y.. 
As is well known, a computer operates under control of 

computer software, which defines the overall operation of the 
computer and applications. DSP 806 controls the overall 
operation of the computer and applications by executing com 
puter program instructions that define the overall operation 
and applications. The computer program instructions can be 
stored in data storage device 810 and loaded into memory 808 
when execution of the program instructions is desired. The 
method steps shown in the flowchart in FIG. 7 can be defined 
by computer program instructions stored in memory 808 or in 
data storage device 810 (or in a combination of memory 808 
and data storage device 810) and controlled by the DSP 806 
executing the computer program instructions. For example, 
the computer program instructions can be implemented as 
computer executable code programmed by one skilled in the 
art to perform algorithms implementing the method steps 
shown in the flowchart in FIG. 7. Accordingly, by executing 
the computer program instructions, the DSP 806 executes 
algorithms implementing the method steps shown in the flow 
chart in FIG. 7. 
The foregoing Detailed Description is to be understood as 

being in every respect illustrative and exemplary, but not 
restrictive, and the scope of the inventive concept disclosed 
herein is not to be determined from the Detailed Description, 
but rather from the claims as interpreted according to the full 
breadth permitted by the patent laws. It is to be understood 
that the embodiments shown and described herein are only 
illustrative of the principles of the present disclosure and that 
various modifications may be implemented by those skilled 
in the art without departing from the scope and spirit of the 
disclosure. Those skilled in the art could implement various 
other feature combinations without departing from the scope 
and spirit of the disclosure. 
The invention claimed is: 
1. A method for carrier phase recovery of a carrier wave 

modulated with a plurality of information symbols, the 
method comprising: 

receiving a digital signal corresponding to an information 
symbol, wherein the information symbol represents 
data; and 

performing a coarse phase recovery using the digital sig 
nal, wherein the performing the coarse phase recovery 
comprises: 
generating a first estimate of an optimal phase angle 

corresponding to the digital signal by performing a 
coarse blind phase search; 

generating a second estimate of the optimal phase angle 
corresponding to the digital signal by inputting the 
digital signal and the first estimate of the optimal 
phase angle into a first maximum likelihood phase 
recovery and decoding block; and 

generating a third estimate of the optimal phase angle 
corresponding to the digital signal by inputting the 
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digital signal and the second estimate of the optimal 
phase angle into a second maximum likelihood phase 
recovery and decoding block. 

2. The method of claim 1, wherein the generating a second 
estimate of the optimal phase angle precedes the generating 
the third estimate of the optimal phase angle. 

3. The method of claim 1, wherein the carrier wave is 
modulated with M-ary quadrature amplitude modulation and 
the performing the coarse blind phase search comprises test 
ing fewer than M test phase angles. 

4. The method of claim 1, wherein the carrier wave is an 
optical carrier wave. 

5. The method of claim 1, further comprising: 
generating a fourth estimate of the optimal phase angle 

corresponding to the digital signal by inputting the digi 
tal signal and the third estimate of the optimal phase 
angle into a third maximum likelihood phase recovery 
and decoding block. 

6. The method of claim 5, wherein the generating the third 
estimate of the optimal phase angle precedes the generating 
the fourth estimate of the optimal phase angle k. 

7. An apparatus for carrier phase recovery of a carrier wave 
modulated with a plurality of information symbols, the appa 
ratus comprising: 

a processor; and 
a memory to store computer program instructions, 
the computer program instructions, when executed on the 

processor, cause the processor to perform operations 
comprising: 

receiving a digital signal corresponding to an information 
Symbol, wherein the information symbol represents 
data; and 

performing a coarse phase recovery using the digital sig 
nal, wherein performing the coarse phase recovery com 
prises: 
generating a first estimate of an optimal phase angle 

corresponding to the digital signal by performing a 
coarse blind phase search; 

generating a second estimate of the optimal phase angle 
corresponding to the digital signal by inputting the 
digital signal and the first estimate of the optimal 
phase angle into a first maximum likelihood phase 
recovery and decoding block; and 

generating a third estimate of the optimal phase angle 
corresponding to the digital signal by inputting the 
digital signal and the second estimate of the optimal 
phase angle into a second maximum likelihood phase 
recovery and decoding block. 

8. The apparatus of claim 7, wherein the generating a 
Second estimate of the optimal phase angle precedes the gen 
erating the third estimate of the optimal phase angle. 

9. The apparatus of claim 7, wherein the carrier wave is 
modulated with M-ary quadrature amplitude modulation and 
the performing the coarse blind phase search comprises test 
ing fewer than M test phase angles. 
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10. The apparatus of claim 7, the operations further com 

pr1S1ng: 
generating a fourth estimate of the optimal phase angle 

corresponding to the digital signal by inputting the digi 
tal signal and the third estimate of the optimal phase 
angle into a third maximum likelihood phase recovery 
and decoding block. 

11. The apparatus of claim 10, wherein the generating the 
third estimate of the optimal phase angle precedes the gener 
ating the fourth estimate of the optimal phase angle. 

12. A non-transitory computer readable medium storing 
computer program instructions for carrier phase recovery of a 
carrier wave modulated with a plurality of information sym 
bols, which, when executed on a processor, cause the proces 
Sor to perform operations comprising: 

receiving a digital signal corresponding to an information 
Symbol, wherein the information symbol represents 
data; and 

performing a coarse phase recovery using the digital sig 
nal, wherein the performing the coarse phase recovery 
comprises: 
generating a first estimate of an optimal phase angle 

corresponding to the digital signal by performing a 
coarse blind phase search; 

generating a second estimate of the optimal phase angle 
corresponding to the digital signal by inputting the 
digital signal and the first estimate of the optimal 
phase angle into a first maximum likelihood phase 
recovery and decoding block; and 

generating a third estimate of the optimal phase angle 
corresponding to the digital signal by inputting the digi 
tal signal and the second estimate of the optimal phase 
angle into a second maximum likelihood phase recovery 
and decoding block. 

13. A non-transitory computer readable medium of claim 
12, wherein the generating a second estimate of the optimal 
phase angle precedes the generating the third estimate of the 
optimal phase angle. 

14. A non-transitory computer readable medium of claim 
12, wherein the carrier wave is modulated with M-ary quadra 
ture amplitude modulation and the performing the coarse 
blind phase search comprises testing fewer than M test phase 
angles. 

15. A non-transitory computer readable medium of claim 
12, wherein the processor performs further operations com 
prising: 

generating a fourth estimate of the optimal phase angle 
corresponding to the digital signal by inputting the digi 
tal signal and the third estimate of the optimal phase 
angle into a third maximum likelihood phase recovery 
and decoding block. 

16. A non-transitory computer readable medium of claim 
15, wherein the generating the third estimate of the optimal 
phase angle precedes the generating the fourth estimate of the 
optimal phase angle. 


